K ALABSHA kaolin was calcined at 700 o C then treated with hydrochloric acid to produce aluminum chloride hexahydrate. The hexahydrate was obtained in crystalline form through injection of hydrogen chloride gas in saturated solution and purified on several steps to obtain alumina of high purity. Acid leaching conditions, namely, acid to kaolin stoichiometric ratio(S), reaction time (t) and reaction temperature (T) were optimized using surface response methodology. A maximum alumina recovery of 83.2% was predicted on using 1.4 stoichiometric acid to solid ratio, a reaction temperature of 104 o C and a reaction time of 3 hours. This result was then assessed experimentally. The hexahydrate crystals obtained were subsequently purified in a three stage process to increase their purity to 99.961%. Calcination of these crystals for 4 hours at 1100 o C produced highly crystalline alumina with purity 99.9%.
Introduction
For a long time, alumina has been widely used in diverse fields such as refractory material [1, 2] , a source of aluminum [3] , as abrasive material [4, 5] , in the ceramic industry [6] and in the glass industry [7] . Alumina also found applications in bone prostheses [8] and as catalyst in some industrial reactions [9, 10] .
In the past few decades, high purity alumina has emerged as an excellent electrical insulator [11] , as an insulating substrate for the deposition of printed circuits [12] , in lithium batteries [13] and an essential component in the manufacture of light-emitting diode (LED) lenses and light appliances in its transparent form [13] .
Traditionally, the most widely used method for the preparation of commercial alumina has been the Bayer process. In that process, bauxite (hydrated alumina ore) is treated with NaOH to produce soluble aluminate. This solution, when hydrolyzed, produces aluminum hydroxide which can then be calcined to alumina [3] . In Egypt, this is hardly a feasible method, owing to the rarity of bauxite ores. Consequently, research has been directed towards the production of alumina from one of the most available local ores, namely kaolin.
Acid leaching of calcined kaolin has been studied by a number of authors using different acids. In an early work, Ford [15] investigated the kinetics of leaching of calcined Natal kaolin (South Africa) in sulfuric acid. He deduced activation energy of 67.4 kJ.mol -1 for the process and assessed the possibility of describing the reaction by a shrinking core model. A different value for activation energy was obtained by Godswill [16] on studying leaching of Ukpor and Udi kaolin samples (Nigeria) by sulfuric acid (17.76 kJ.mol -1 and 20.39 kJ.mol -1 respectively) suggesting the pronounced effect of the kaolin origin on activation energy of the leaching reaction. This author also determined the activation energy of dissolution in nitric acid as 20.11 and 22.71 kJ.mol -1 for both clay types respectively. A similar figure was obtained recently by Lima et al [17] on investigating the kinetics of nitric acid leaching S.T. ALY et al.
of a Brazilian type of kaolin. They also found out that the process is controlled by reaction at interface between solid and liquid phases. On the other hand, leaching with phosphoric acid was researched by Hernández et al [18] working on a Mexican type of kaolin (Hidalgo).
Their purpose was bleaching of kaolin for use in ceramic and paper industries. They obtained an iron removal of 98% on using 3M acid after 2 hours at room temperature. Besides, some other workers tried leaching experiments using organic acids which were less successful in accomplishing a high yield of aluminum salt product through proper removal of iron impurities [19, 20] .
Leaching of calcined kaolin by hydrochloric acid was researched by Godswill [16] who suggested an Erofeev type relation to interpret the dissolution kinetics of his samples. He reported activation energy of about 19.6 kJ.mol -1 for the reaction. On the other hand, Dong et al [21] used mechanical activation by ball milling to study its effect on the leaching process by HCl (20%). They deduced that while coarse kaolin particles yielded activation energy of 43 kJ.mol -1 for dissolution, the corresponding figure for fine particles was 24 kJ.mol -1 .
Several workers have researched leaching of local Aswan clays using hydrochloric acid: Early attempts were performed by Bakr et al [22, 23] who stated that up to 80% recovery was possible depending on the particle size of clay and acid concentration. Further work carried out by Ismail et al [24] and Baioumi et al [25] associated with chemical characterization of deposits was not relvant as for alumina recovery. Also, the work of El-Sherbiny et al [26] was only concerned with enhancing the physical properties of kaolin for use in paper coating.
The purification of hexahydrate crystals has been studied by Mahi et al [27] as part of a research aiming at alumina recovery. It was found that the solubility of aluminum chloride decreased sharply with increasing HCl concentration in the aqueous phase. They also recommended introducing HCl gas for better purification.
The thermal decomposition of aluminum chloride hexahydrate crystals was carried out by Hartman et al [28] who based their conclusions on thermal analyses and XRD data. They concluded that the decomposition of the hexahydrate proceeds through the following set of reactions: They concluded that the reaction reached 95% alumina recovery below 300 o C and was described by an Avrami -Erofeev type of nucleation and grain growth mechanism. They also obtained an activation energy of 135.9 kJ.mol -1 for the global reaction: This mechanism was also recently confirmed by Zhang et al [29] who obtained a conversion of about 99% and an average activation energy of 59.67 kJ.mol-1.
The aim of this work is to obtain high purity alumina by, dissolution of calcined Kalapsha kaolin (Aswan) using hydrochloric acid then purification of aluminum chloride hydrate through multi stage crystallization The multistage crystallization step includes dissolving precipitated aluminum hydrate crystals in 25% HCl followed by crystallization. This step is then repeated two more times and finally, the calcination of the hydrate crystals to produce alumina with high purity.
Exprimentl

Materials
The main raw material used in this study is kaolin ore derived from Kalabsha region, Aswan, Egypt. The kaolin was used after calcination in an electrical furnace at 700 o C for two hours. HCl commercial grade (32%) was purchased from Gomhorya Company and stated to be of at least 99.5% purity by the manufacturer. This was used in the leaching and crystallization processes. Distilled and deionized water were used in preparation of dissolution and crystallization samples respectively.
Apparatuses
-X-ray fluorescence (XRF), Pananalytical XRF (Model Advanced Axios, Netherland) was used to determine elemental composition of Kaolin and alumina produced after calcination.
-Thermo gravimetric analyzer (TGA), (STA-504, USA) was used to follow up for the dissociation of kaolin in air at a heating rate of 10 o C. min -1 to decide about the proper temperature of calcination; also TGA and DTA (STA-504, USA) were used to study the thermal decomposition reactions of aluminum chloride hexahydrate. The thermal dissociation reactions were carried out non-isothermally up to 1100 o C at different heating rates (10, 20 and 30 o C.min -1 ) in a continuous -X-ray diffraction (XRD) was performed using mono-achromatized Copper Kα radiation at 40 mA and 40 kV. A Philips diffract-meter type (PW 1730) was employed with a scanning speed of 2θº/min B (Ni-filtered Cu Kα radiation), the diffraction pattern is used to perceive the specimen's crystalline phases -Inductively coupled plasma (ICP) was used for the analysis of aluminum chloride hexahydrate crystals -An electrical Tube furnace was used for the calcination of aluminum chloride hexa hydrate crystals. This consisted of a horizontal tube furnace (length = 900 mm, inner diameter = 70 mm) in which a fused alumina tube (length = 120 mm, diameter = 55 mm) was fitted.
Sample preparation Dissolution of kaolin in HCl
Leaching of kaolin was carried out using hydrochloric acid (32%) with a solid to liquid ratio of 1:5 at different stoichiometries. The reaction mixture consisted of 50 g of calcined kaolin and 250 mL of diluted HCl (At different concentrations according to reaction conditions). Diluted HCl (250 ml) was put in a 1000 ml beaker (sample beaker) which was heated on a water oil bath according to the reaction temperature. The kaolin sample was added to the acid only when the required temperature was reached. The mechanical stirrer was run at a fixed speed of 260 rpm. At the end of the reaction, the reaction mixture was filtered then washed with hot distilled water. The filtrate and wash were collected in separate bottles and the solid residue dried and its weight recorded. Volumes of wash and filtrate were recorded and the filtrate density calculated. Volumetric analysis was carried out for the filtrate and wash to calculate the dissolution percentage of Fe 2 O 3 [30] . The TiO 2 content was determined using a spectrophotometric method [31] , while gravimetric analysis was applied to calculate the percentage recovery of Al
The percentage recovery of alumina was subsequently determined.
Statistical Model for the Leaching Process
The variables investigated in acid leaching were: the temperature of reaction (T o C), the stoichiometric acid to solid ratio (S) and reaction time (t h). The Box -Behnken statistical design in 33 factorial design as a tool for simulation and op-timization of the dissolution process [32] . This was carried out using Statistical Design-Expert 9.0.3, Stat-Ease, Inc., MN, USA, software*. The percent alumina recovery (Y) was subsequently related to the three variables by a second order equation in the form:
The chosen values of the three parameters are shown in Table 1 . These were selected following a set of preliminary trials.
Crystallization of Aluminum Chloride Hexahydrate
The objective of this step was to obtain high purity crystals of aluminum chloride hexahydrate to be converted in a calcination step into high purity alumina. Aluminum chloride hexahydrate solution obtained from the previous leaching stage was concentrated through evaporation to obtain a saturated solution. Selective crystallization of aluminum chloride was achieved by injection of HCl (g) through a saturated aluminum chloride solution [33] . As the concentration of acid in solution increases, the solubility of aluminum chloride decreases and the formation of crystals starts. The process was stopped before reaching the azeotropic point at 20% by weight HCl to avoid a decrease in acid concentration in aluminum chloride solution due to the evolution of water vapor which leads to the dissolution of formed crystals.
Multi stage crystallization was further carried out to improve the purity of obtained crystals. 25% HCl solution was used in dissolving the obtained AlCl 3 .6H 2 O crystals in a first stage to be recrystallized in second stage and subsequently used in dissolving the crystals from that second stage to be recrystallized in a third stage. At the end of each crystallization run, the crystals formed were separated from the slurry by vacuum filtration, washed with 70 ml of concentrated HCl (ANALAR), then washed with 30 ml deionized water to be finally dried overnight at 80 o C and saved in desiccator. The hydrochloric acid and deionized water used in this process were analyzed using ICP (Inductive Coupled Plasma). The acid contained no more than 76 ppm impurities while the impurities in water did not exceed 12 ppb.
Calcination of Purified Crystals
The purified crystals obtained from the previous step were calcined in alumina boats in a tube furnace. In these tests, about 30 g sample was placed in a fused alumina boat and placed in the middle of the hot zone of the furnace. The sample was heated at a controlled rate of 10K.min -1 up to the pre-determined temperature (600, 900 and 1100 o C) in a flow of inert gas (argon) till reaching the required temperature and kept constant at this temperature for 4 hours. The resulting powder was characterized each time by XRD for phase composition.
Results and Discussion
Characterization of kaolin
The chemical analysis of kaolin sample is displayed in Table 2 On the other hand, XRD was performed on the sample and revealed the presence of lines of kaolinite, quartz and rutile (TiO2) which is compatible with XRF findings.
Thermal analysis of kaolin powder was carried out for TGA assessment to decide about the proper temperature of calcination. The result is shown in Fig.1 and indicates a loss of moisture of slightly less than 4% ending at about 200 o C followed by a drop in weight of 11.6% ending at a temperature slightly above 600 o C. The loss in weight obtained is fairly compatible with the LOI of the dry sample (Table 2) .
Consequently, the kaolin samples were calcined to 700 o C for two hours to ensure full conversion to active metakaolin. This was confirmed by the XRD of the fired sample which showed no lines of kaolinite.
Statistical model
The leaching reaction of metakaolin by hydrochloric acid produces aluminum chloride hexahydrate [16] : Using the values of the three investigated parameters in Table 1 , a set of 17 experiments were carried out and the alumina yield calculated. The results are illustrated in Table 3 . Following these runs, the aforementioned software was used to deduce a second order expression. This took the form: Alumina recovery (Y% )=
Interaction between the different parameters a. Effect of stoichiometric ratio and reaction temperature on alumina recovery
The effect of the simultaneous variation in stoichiometric ratio and reaction temperature on alumina recovery at different levels of reaction time (1, 2 and 3 hours) is illustrated in Fig. 2 . In general, the percent alumina recovery increased with increasing stoichiometric ratio from 1.0 to 1.4 (60-70% at time = 1h). Also, increasing the reaction temperature from 90 to 104 o C showed significant effect on alumina recovery. Figure 2 (C) also indicates that at higher time of reaction = 3h, recovery increased to 80%. Actually, contour lines even suggest that reaction at 104 o C for 3 hours at stoichiometric ratio = 1.4 would raise conversion over 80%.
b. Effect of stoichiometric ratio and reaction time on percent alumina recovery (%)
The simultaneous effect of varying stoichiometric ratio and reaction time on the percent alumina recovery at different levels of reaction temperatures (90, 97 and 104 o C) is shown in the set of Fig. 3 . These results reveal that, at low reaction temperature (90 o C), there is no increase in alumina recovery with increasing reaction time (h) at all stoichiometric ratios as shown in Fig. 3 A. However, at high reaction temperature (104 o C), (6) the alumina recovery increased from 75% to 80% with increasing time as shown in Fig 3 C . On the other, hand, at low times of reaction increasing the stoichiometry from 1.1 to 1.4 increased the conversion in the range (56% -66%) Fig. (3 A) . This means that the variation in alumina recovery is more sensitive to stoichiometric ratio variation than time especially at low reaction temperatures.
c. Effect of reaction temperature and reaction time on percent alumina recovery
The combined effect of varying calcination temperature and reaction time on percent alumina recovery at different stoichiometric ratios (1.0, 1.2, 1.4) is revealed in Fig. (4) (A, B and C) . These results indicate that the studied parameters highly interact as it can be seen that alumina recovery increases slightly with increasing time at low stoichiometric ratio ( Fig. 4 A) . On the other hand, at the higher stoichiometric ratio of 1.4 ( Fig.  4 C) , alumina recovery increased from 75% to 80% with increasing reaction time.
All experimental results were then plotted on the 3-D cube graph as shown in Fig. 5 . This cube shows that the highest alumina recovery 83.22% can be obtained at highest stoichiometric ratio (1.4), highest reaction temperature (104 o C) and highest reaction time (3 h). S.T. ALY et al. To assess the validity of these findings, 9 runs were performed at the aforementioned conditions. They produced a mean percentage of alumina recovery = 81.33% with a standard deviation = 1.09%. This proves the validity of the suggested model as the percent error did not exceed 2.3%.
Multistage crystallization
As pointed out earlier, crystallization was carried out on three stages. The following Table 4 shows the analyses of the crystals obtained from each stage (Using ICP analysis). As can be inferred from that table, the purity of the crystals slightly increases on passing from one stage to the next. This is mainly due to decrease in iron and magnesium ions by acid leaching. At the end of the third stage, the purity of the crystals reached 99.961%.
A micrograph of scanning electron microscope (SEM) Model Quanta 250 FEG is shown in 
Kinetics of Thermal Decomposition of Aluminum Chloride hexa hydrate
The kinetics of decomposition of the hydrates to alumina was carried out using the Flynn -Wall -Ozawa method of equal conversions [35] . To that aim, a plot of loss in weight was carried out against temperature at three different heating rates β = 10, 20 and 30 o C.min -1 using TG data ( Fig. 7) , (β is the heating rate of ( o C.min-1), this is predetermined by programming the TGA apparatus prior to starting the run).
Form that plot, the conversion to alumina could be deduced since the stoichiometric percent weight loss = 78.88%, as calculated from equation (3).
As can be seen form that figure, the conversion to alumina proceeds at temperatures that increase with the applied heating rate, which is a commonly observed phenomenon [36, 37] . The stoichiometric weight loss following reaction (3) is about 78.88%, which is slightly higher than the values obtained in Fig. 7 . For example, at the lowest heating rate (10 o C.min -1 ), the maximum recovery is 77.9%. The fractional conversion α is then obtained from the weight W from the expression:
According to the Flynn -Wall -Ozawa method, equal conversions were chosen at the three rates and the corresponding temperatures (T K) determined. Then a plot of log against (1/T) is performed to obtain a series of more or less parallel straight lines at the chosen values of conversion. The slope= (0.4567E/R), from which the activation energy could be deduced (Fig. 8 ).
The average slope was determined and possesses a numerical value of about 2748 K. This corresponds to an average activation energy E = 60.3 kJ.mol -1 , a value comparable to that obtained by Zhang et al [19] (59.67 kJ.mol -1 ).
100−W α =
78.88 (7) Fig. 8 . Flynn -Wall -Ozawa plot for aluminum chloride hydrate calcination.
Calcination of hexahydrate crystals
The crystals obtained were calcined to different temperatures varying from 600 to 1100 o C. The reason of that choice stems from the fact that in their work, Hartman et al [19] reported that although the conversion to alumina exceeded 99% at 270 o C, the undecomposed species Al2O3.2HCl.2H2O remained as a porous mass that hindered more decomposition. In order to obtain a recovery close to 100%, it was thought necessary to increase both calcination temperature and time. Actually, three trials were performed in which calcination was carried out at 600, 900 and 1100 o C and kept constant at these temperatures for 4 hours in continuous flowing of argon gas to purge out the formed hydrogen chloride gas. XRD of the calcination products showed poor crystallinity at 600 o C ( Fig. 9 ). This improved on heating at 900 o C and ultimately produced extremely sharp peaks on calcination at 1100 o C for 4 hours (Fig. 10) . The purity of the alumina powder obtained was determined to be 99. 
Conclusion
Form the analysis of the data obtained in this work, the following conclusions could be drawn: 1. A maximum alumina recovery of 83.2% was predicted by the statistical model on using 1.4 stoichiometric acid to solid ratio, a reaction temperature of 104 o C and a reaction time of 3 hours. The predicted result was assessed by carrying out nine runs at the optimum conditions. The mean percentage of alumina recovery obtained was 81.33% which proves the validity of the suggested model.
The purity of AlCl
3
.6H 2 O crystals was found to slightly increase following passing from one purification stage to the next. The final product from the third stage was analyzed by ICP and found to be of 99.961% purity.
3. The kinetics of decomposition of aluminum chloride hydrate was studied using the Flynn -Wall -Ozawa method and the average activation energy of the overall reaction found to be 60.3 kJ.mol -1.
4. The crystals obtained were calcined at temperatures of 600, 900 and 1100 o C for 4 hours. XRD showed that their crystallinity increased with increased calcination temperature. The alumina purity of the samples fired at 1100 o C was determined as 99.9%.
